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Abstract
Thinﬁlmswith tunable porosity are of high interest in applications such as gas sensing and
antireﬂective coatings.We report a facile and scalablemethod to fabricate ZnO electrodes with
tuneable porosity. By adjusting the substrate temperature and ratio of precursor gasses during low-
pressure chemical vapor depositionwe can accurately tune the porosity of ZnOﬁlms, from0up to
24%. The porosity change of the ﬁlms fromdense layer to separated nanopillars results in an effective
refractive index reduction from1.9 to 1.65 at 550 nm, as determined by optical and x-ray
spectroscopy. The low-refractive-index ZnOﬁlms are incorporated into amorphous silicon solar cells
demonstrating reﬂection losses reduction down to 4% in the visible wavelengths range.
1. Introduction
Porous transparent conductive oxides are of interest for a wide range of applications, such as gas sensing [1–3],
scaffolds for solar cells [4–6], and antireﬂective coatings [7, 8]. A common approach to estimate the properties of
porous layers is to use the effective-medium theory, which predicts that the refractive index n of a thin ﬁlm
decreases as its void fraction increases [9, 10]. Indeed, forﬁlmswith voids it is necessary to deﬁne an effective
refractive index (neff) whose value is between that of air and that of the bulkmaterial. By altering the
compactness of the ﬁlm and therefore its void density, thematerial refractive index can be tuned between these
two extremes.
Here, we present the fabrication of zinc oxide (ZnO) electrodes with tunable density, ranging fromdense
layers towell-separated nanopillar structures. The ZnO ﬁlms are deposited by low-pressuremetal-organic
chemical vapor deposition (LP-MOCVD), a technique that has been used since the end of the 1980s to produce
transparent electrodes for thin-ﬁlm solar cells [11]. Compared to other deposition techniques typically used for
oxides (e.g.magnetron sputtering and solution processing), advantages of LP-MOCVD include the readily
tunablemicrostructure and doping of theﬁlms [12, 14].Here, we show that by adjusting the ratio of the
precursor gases and the substrate temperature, themicrostructure of the ZnO ﬁlms can be tuned fromdense to
highly porous, without the use of complex processes [15, 16] and post-deposition treatments [17].We optimize
the porousﬁlms in order tominimize neff.We assess theﬁlm void fraction bymeans of energy-dispersive x-ray
spectroscopy (EDX), and show that the results correlate well with the neff value obtained fromoptical
measurements using transfer-matrix calculations. The facility of switching fromdense to nanopillar ﬁlmwithin
the same deposition process aswell as its application as an antireﬂective electrode is demonstrated by application
in hydrogenated amorphous silicon (a-Si:H) solar cells. In this device the dense ZnOﬁlm is used as front
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2. Experimental
2.1. Sample fabrication
For optical andmorphological characterization, ZnO layers were deposited by LP-MOCVDon 0.5 mm thick
AF32 Schott glass substrates. Diethylzinc (DEZ) andwater vapor (H2O)were used as precursors for zinc and
oxygen, respectively. Non-intentionally doped (nid) ﬁlmswere obtained fromDEZ andH2Oonly, while doped
ﬁlmswere obtained by adding B2H6 in the gas phase as precursor of boron (acting as donor in ZnO). All the
precursor gases were injected into the chamber by simple precursor evaporationwithout a carrier gas. Dense
ﬁlmswere obtainedwith aH2O/DEZﬂow ratio of 1 at a substrate temperature of 160 °C [12, 18]. For the
nanopillar ZnO ﬁlms, the substrate temperature was increased to 220 °C and theH2O/DEZ ﬂow ratio to 4.
During deposition, the total pressure in the chamberwas kept at 35 Pa. The thickness of the ﬁlms varied between
0.65 and 1.2 μm. a-Si:H layers were deposited in the n–i–p conﬁguration by plasma-enhanced chemical vapor
deposition [19]while the front electrodewasmade of either the dense or dense/nanopillar ﬁlm stacks as showed
below (cfr. ﬁgure 5).
2.2. Characterizationmethods
The total transmittance and total reﬂectance of the ﬁlmsweremeasured in the 320–1200 nm spectral range using
a spectrophotometer equippedwith an integrating sphere. Due to the high surface area and roughness of the
porousﬁlms it was not possible to perform ellipsometricmeasurements to assess neff; rather neff was derived
from transmittance and reﬂectance curves using a software based on the transfer-matrixmethod (RefDex,
developed atHelmholtz-ZentrumBerlin) [20]. The surfacemorphologies and cross sections of theﬁlmswere
analyzed by scanning electronmicroscopy (SEM,Vac = 5 kV). Theﬁlmdensity was derived fromEDX
measurements performed by the company B-nano [21]. Theﬁlm sheet resistance (Rsh) was evaluated by four-
point probemeasurement.
3. Results and discussion
3.1. Fromdense towell-separated nanopillarﬁlms
Typical high-quality LP-MOCVDZnOelectrodes are deposited at a substrate temperature of 160 °C and aH2O/
DEZ ratio of 1 [12, 18]. These conditions provide the best trade-off between transparency and conductivity for
application in solar cells. In addition, these ﬁlms are dense and characterized byV-shaped grains having a
preferential orientation along the a-axis of thewurtzite unit cell (‘dense’ inﬁgure 1) [12, 18].
Theﬁlm surface is rough due to pyramid-like features that provide high diffuse transmission, resulting in the
typical hazy appearance of thismaterial. Increasing the temperature during deposition leads to increased
competition between crystalline orientations, such that the growth rates along different orientations become
similar. Therefore theﬁlm structure becomesmore disordered (‘ﬂaked’ inﬁgure 1) andwithout preferential
orientation [22, 23]. In this case, the layer is characterized by ﬂakes expanding in different directions and
creating voids in the ﬁlm. By further increasing theH2O/DEZ ratio from1 to 4, the deposition rate decreases.
This is because at high temperatures the ﬁlm growth is limited by theDEZ vapor concentration in the gas phase
[12, 24]. The resulting structure is composed of separated nanopillars with an elongated section; the long side
measures around 100 nm, and the short sidemeasures around 30 nm (‘nanopillars’ inﬁgure 1).
The change inﬁlm structure fromdense to nanopillars leads to an increase in void fraction, inhibiting the
lateral carrier transport (see section 3.3) but also increasing transmittance and simultaneously reducing
reﬂectance, as shown inﬁgure 2(a). The absorption of the differentﬁlms is therefore similar. Noteworthy, neff
derived from transmittance and reﬂectance at 550 nmdecreases from neff = 1.9 for the dense ﬁlm to neff = 1.65
for the nanopillarﬁlm. This change in effective refractive index can be explained by the effective-medium
theory, which links the void fractionwith theﬁlm’s optical properties.
3.2. Assessingﬁlmdensity and its inﬂuence on effective refractive index
The effective-medium theory is used to estimate the optical properties of an inhomogeneousmaterial by
combining the properties of the constituentmaterials weighted by their volume fractions [25]. To derive
optical properties in amixed ﬁlm,manymodels exist, each of which ismost accurate only for distinct
conditions [26–28]. Here, we calculate neff of the nanopillar ﬁlms by assuming that they are composed of a
mixture of dense ZnOwith refractive index nZnO, and air (n= 1), using theMaxwell-Garnett equation [26]:
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with vf being the void fraction, and nZnO derived from spectroscopic ellipsometrymeasurements shown in
ﬁgure 2(b). The refractive index obtained by ellipsometry from a polished4 dense layer was in good agreement
with the one derivedwith the RefDex software for an unpolished dense layer, validating our approach.
3.2.1. Film density
In order to determine the void fractionwe used a technique based on EDX. The technique relies on the
relationship between electron beam energy, interaction volume andmaterial density, andwas empirically found
byKanaya andOkayama [29]. The interaction volume of a porous layer depends on its thickness and density,
since the voids inside amaterial do not absorb electrons. Electrons that have to cross a thick and dense ﬁlmwill
need a larger energy compared to those going through a thin and porous layer. The corresponding energy is
Figure 1. SEM images showing structural variations due to an increase in temperature and a subsequent increase in theH2O/DEZ
ratio.
Figure 2. (a)Optical transmittance and reﬂectance of 1 μmthick dense,ﬂaked, and nanopillar ﬁlms. (b) Effective refractive index
(neff) of 1 μmthick dense,ﬂaked and nanopillar ﬁlms. The curves are derived from the transmittance and reﬂectance spectra shown in
ﬁgure 2(a). The refractive index of a polished dense ﬁlm,measuredwith ellipsometry, is shown as a comparison; notice that below
400 nm the strong decrease in transmission prevents estimation of neff from spectrophotometry.
4
TheZnOdense layer was polished bymechanical brushing its surface in a solution of nanosilica particles (diameter around 40 nm).
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assessed by EDXas theminimal energyE0 at which it is possible to observe the x-ray signal coming from
elements characteristic of the glass substrate. Knowing the thickness, and supposing that electrons are absorbed
exclusively by ZnO (atomic numberZZnO = 38, and atomicmassAZnO = 81.4) the density (ρ, in arbitrary units)
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Assuming that the polished dense ZnOﬁlm is fully compact (vf = 0) it is useful to deﬁne the relative ﬁlm
density as ρrel = ρ/ρdense_ZnO. Thus, the void fraction for the other layers can be given by vf = 1 – ρrel.With this
procedure, we estimate a void fraction of up to 24% for the ﬁlm characterized by nanopillars, as shown in table 1.
As deﬁned above, E0 is theminimal beam energy allowing a certain share of the incoming electrons to pass
through the ZnO layer and to release from the glass constituents enough x-rays to be detected. In order to verify
the results obtainedwith equation (2), we simulated the interaction volume of the electron beamwith the ZnO
ﬁlms using the software CASINO [30]. Each simulationwas characterized bymeans of themeasured values of
E0, d and ρrel listed in table 1 and using 5.6 g cm
−3 for ρdense_ZnO. Figure 3 shows the energy of the electronswith
respect to their position in theﬁlm.Note that the average energy of the electrons reaching the glass is close to 5%
of the initial beam energy for all four samples, even though they have a unique value of E0, d, and ρrel. The fact
that the beam energy at the ZnO/glass interface is very close in all four cases is consistent with themeasurements.
Table 1.Minimal EDX energy, ﬁlm thickness, relative density
and void fraction for the dense (polished and as-deposited),
ﬂaked, and nanopillar ﬁlms.
E0 keV d μm ρrel% vf%
Dense polished 13.6 0.65 100 0
Dense 19.0 1.17 97 3
Flaked 17.9 1.18 87 13
Nanopillars 14.9 0.99 76 24
Figure 3. Simulated interaction volume between the EDX electron beamandZnOﬁlm on glass for the fourﬁlms analyzed. The
different colored surfaces represent the energy of electrons with respect to the initial beam energy.
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3.2.2. Film density and effective refractive index
Table 1 shows how the void fraction increases during the transition from a dense ﬁlm to a nanopillar ﬁlm;
moreover the relation of the ﬁlm void fraction to neff (ﬁgure 2(b)) is found to be linear as shown inﬁgure 4
(stars). This dependence is in good agreementwith equation (1)which predicts neff based on void fraction
(ﬁgure 4, gray dashed line). This conﬁrms the applicability of the effective-medium theory approach in
estimating the refractive index of the highly porous nanopillarﬁlms.
3.3. Application in a-Si:H solar cells
In an a-Si:H cell in the n–i–p conﬁguration, a top layer consisting of a transparent conductive oxide acts as the
front electrode (ﬁgure 5). Dense LP-MOCVDZnO ﬁlms are proven excellent electrodes for this purpose with a
sheet resistance around 10Ωsq and absorptance below 5% in the visible range [31]. In order to have both, the
excellent optoelectronics properties of the LPCVDZnO and the antireﬂective properties of the nanopillar layer,
we have combined both on a sequential deposition as presented inﬁgure 5.
This approach is commonly applied in optoelectronic devices [31, 32].Moreover a layer composed of
nanoparticles (having a low refractive index) has been successfully applied as an intermediate reﬂector layer
between the top and the bottom cell in tandem solar cells [33, 34]. Figure 5 shows thatwhen the a-Si:H is coated
with the dense ZnO ﬁlm, the reﬂectance of the solar cell decreases from20 to 6% in the spectral range between
400 and 650 nm.When the ZnOnanopillar ﬁlm is deposited on top of the front ZnO contact (dense ﬁlm), the
reﬂectance is further decreased. This is a result of the graded transition introduced by the nanopillar ﬁlm
Figure 4.Effective refractive index (at 550 nm) versus relative density for the polished dense, dense, ﬂaked and nanopillar ﬁlms.
Measured (stars, table 1) and simulated (dotted line, equation (1)) results are compared.
Figure 5. (a) Schematic, not in scale, of the nip cells showing the lowest reﬂectance: the front electrode is composed by an upper ZnO
nanopillar layer (antireﬂective) and a lower ZnOdense layer (providing lateral conductivity). (b) Reﬂectance of different a-Si:H cells:
not coated, coatedwith a dense ﬁlm, andwith a dense ﬁlm+ nanopillar ﬁlm (as sketched in ﬁgure 5(a)).
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between the refractive index of air and that of dense ZnO. The cell coatedwith dense ZnO+ZnOnanopillar
layer has a reﬂectance close to 4% in the 400–650 nm spectral range.
The porosity of the ZnOnanopillar layer reduces the carrier lateralmobility, which dramatically increases
theﬁlm sheet resistance.However, the combination of nid ZnOnanopillars on top of the dense B-doped ZnO
provides the low sheet resistance (39Ωsq for doped ZnO) required for application as an electrode in solar cells. It
should be noticed that the addition of boron in the dense ﬁlm changes its optical propertiesmainly in the
ultraviolet (λ< 400 nm, Burstein–Moss effect) and in the infrared regions (λ> 1000 nm, free carrier absorption)
as often reported in literature [12, 13]. Thereforewithin the range of the spectral response of a-Si:H, the optical
properties of the dense dopedﬁlm are very similar to the one of the nidﬁlmdiscussed in the previous sections.
Table 2 presents a summary of the electrical properties of the layers.
4. Conclusions
We showed how the void fraction of ZnO thinﬁlms can be easily and ﬁnely tuned by adjusting the substrate
temperature and the ratio of precursor gases during the LP-MOCVDprocess. Three ZnO ﬁlms characterized by
a decreasing compactness were deposited and their bulk void fractionwas quantiﬁed bymeans of EDX
measurements. Theﬁlm characterized by nano-sized pillars showed the highest void fraction of 24%; for these
ﬁlms, the effective refractive index, derived by opticalmeasurements, was assessed to be n= 1.65. The
compactness decrease leads to a refractive index decrease in agreement the effective-medium theory. Finally due
its high transmittance and low reﬂectance the nanopillar are exploited as antireﬂective layer on top of the front
contact of an amorphous silicon solar cell, reducing its reﬂectance to around 4% in the visible range.
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